Bacteria usually use two-component systems for signal transduction, while eukaryotic organisms employ Ser/Thr and Tyr kinases and phosphatases for the same purpose. Many prokaryotes turn out to harbor Ser/Thr and Tyr kinases, Ser/Thr and Tyr phosphatases, and their accessory components as well. The sequence determination of the genome of the cyanobacterium Synechocystis sp. strain PCC 6803 offers the possibility to survey the extent of such molecules in a prokaryotic organism. This cyanobacterium possesses seven Ser/Thr kinases, seven Ser/Thr and Tyr phosphatases, one protein kinase interacting protein, one protein kinase regulatory subunit and several WD40-repeatcontaining proteins. The majority of the protein phosphatases presented in this study were previously reported as hypothetical proteins. We analyze here the structure and genetic organization of these ORFs in the hope of providing a guidance for their functional analysis. Unlike their eukaryotic counterparts, many of these genes are clustered on the chromosome, and this genetic organization offers the opportunity to study their possible interaction. In several cases, genes of two-component transducers are found within the same cluster as those encoding a Ser/Thr kinase or a Ser/Thr phosphatase; the implication for signal transduction mechanism will be discussed.
INTRODUCTION
Bacteria are able to sense a variety of internal and external factors in order to respond to environmental changes. The molecular mechanism underlying the signal transduction process, which involves the so-called 'two-component systems', is now well understood (1, 2) . A simple prototype of two-component systems includes two proteins, a histidine kinase and a response regulator. The histidine kinase autophosphorylates on a conserved histidine residue in response to a stimulus and then transfers the phosphate group to an aspartate residue of a cognate response regulator which is often also a transcription factor (1, 2) . Two-component systems are ubiquitously present among prokaryotes, and similar components are also reported in several eukaryotic organisms (2) . In the cyanobacterium Synechocystis sp. strain PCC 6803 alone, more than 80 open reading frames (ORFs), representing 2.5% of its total coding capacity, are found to encode proteins of two-component systems (3, 4) .
Bacteria may use eukaryotic-like components for signal transduction as well. Indeed, during the last few years, several bacteria have been shown to harbor Ser/Thr and Tyr kinases and phosphatases (for reviews see 5, 6) . Such enzymes are very abundant in all eukaryotic organisms. In the yeast Saccharomyces cerevisiae for example, 2% of its total genes encode protein kinases and a similar amount of genes encode protein phosphatases (7) (8) (9) . These enzymes, together with their regulatory proteins, form signaling cascades and networks in order to regulate a variety of cellular activities. Eukaryotic-type protein kinases can be divided into two classes based on their substrate specificity: Ser/Thr kinases and Tyr kinases (10) (11) (12) . Only a few dual-specificity protein kinases can phosphorylate on both Ser/Thr and Tyr residues. Both classes of protein kinases belong to a single enzyme superfamily, as they share a homologous catalytic domain of ∼260 amino acids with some conserved signatures indicative of their belonging to either of the two classes (11, 12) . On the other hand, at least three families of Ser/Thr and Tyr phosphatases can be distinguished based on their sequence comparison (8, 13, 14) . Members of the PPP family, such as the mammalian PP1, 2A and 2B, are Ser/Thr phosphatases (13) . The second family of Ser/Thr phosphatases is the PPM family, represented by the mammalian PP2C (13) . No significant sequence similarity can be found between these two families of Ser/Thr phosphatases. The third family of protein phosphatases, the PTP family, includes low-molecular-weight PTPs, and PTPs with dual specificity because of their ability to dephosphorylate both phospho-Ser/Thr and phospho-Tyr residues (14) . The catalytic domains of low-molecular-weight PTPs show a similar three dimensional structure to those of the dual specificity protein phosphatases, but these two classes of protein Tyr phosphatases are not related in primary sequence and share only the CXXXXXR catalytic motif (14, 16) .
How many eukaryotic-type signaling molecules could be found in a bacterium? The whole genome of the unicellular cyanobacterium Synechocystis sp. PCC 6803 was recently sequenced (3, 15) . This offers a possibility to answer this question and to assess the extent and importance of such molecules in bacterial signal transduction besides the classical two-component systems. In this report, different classes of eukaryotic-type signaling molecules are compiled and analyzed, along with their surrounding sequences and genetic organization.
MATERIALS AND METHODS
Sequences or conserved motifs of major families of eukaryotic signaling proteins were used to screen for similar molecules in the CyanoBase (http://www.kazusa.or.jp/cyano/cyano.html ), a databank with the entire sequence of the cyanobacterium Synechocystis sp. PCC 6803. All positive scores after this screening were again used to search for similar sequences in the CyanoBase, in order to ascertain that sequences distantly related to eukaryotic proteins could also be found. Multiple sequence alignment was carried out using the Cluster W program (17) .
To check the DNA sequence at the junction between sll1574 and sll1575 (see below for more details), two oligonucleotide primers were used to amplify the corresponding genomic region by polymerase chain reaction (PCR) using the high-fidelity Vent DNA polymerase (Biolabs). The sequences of the two PCR primers are: primer 1, ACTATTTCGGCCCTAC; primer 2, TGG-GCACAATCCAAGC. The 204 bp long PCR product was purified from agarose gel using a GeneClean II kit (Bio101) and sequenced with the Sequenase II (Amersham).
Major classes of eukaryotic-type signal transducers find their putative representatives in Synechocystis sp. PCC 6803
A family of seven putative Ser/Thr and Tyr kinases has been previously identified (3; Table 1 ), and their detailed analysis is shown below. A thorough survey of the genome of Synechocystis sp. PCC 6803 has also identified seven putative protein phosphatases (Table 1) , one belonging to the PPP family (sll1387), five to the PPM family (slr1860, slr1983, slr0114, slr2031 and sll1365) and one to the PTP family (slr0328). Most of these protein phosphatases were previously considered as hypothetical (3) . Several ORFs encode potential accessory signaling molecules; these include slr1234 encoding a protein kinase C interacting protein, slr0593 encoding a protein kinase regulatory subunit, and several WD40-repeat-containing proteins (3, 18) .
Ser/Thr and Tyr kinases and their structural analysis
The following ORFs encode Ser/Thr and Tyr kinases: sll0776, sll1574, sll1575, slr0152, slr0599, slr1225, slr1443 and slr1697 (Table 1 ). Several observations suggest that sll1574 and sll1575 form one single ORF and encode two different parts of the same Ser/Thr kinase. Indeed the peptide deduced from sll1574 shows sequence similarity to the catalytic domain of Ser/Thr kinases (12), but only from subdomains I-V, while subdomains VI-XI are followed immediately on the polypeptide deduced from sll1575 ( Fig. 1) . We first suspected a sequencing error at the junction between sll1574 and sll1575. Therefore, a genomic region of 204 bp covering this junction was amplified by PCR and sequenced. The result of this experiment, however, confirms the original data. Dr S.Tabata's group at the Kazusa DNA Research Institute, where the genome of Synechocystis sp. PCC6803 was sequenced, could not find any sequencing error in this region either (S.Tabata, personal communication). A 1.57 kb DNA fragment covering sll1574 and sll1575 was inserted into an Escherichia coli overexpression vector, and the size of the produced polypeptide corresponds well with that of only sll1574 instead of a sll1574-sll1575 fusion product (data not shown). These results further indicate that a stop codon indeed interrupts sll1574 and sll1575 (Fig. 1) . For the purpose of convenience, these two ORFs will be jointly referred to as sll1574-75 in the text since neither of them alone is likely to be functional as a protein kinase. Several possibilities may explain this observation. Synechocystis sp. PCC 6803 has been cultured in the laboratory since three decades ago, therefore, sll1574-75 may no longer be required for cell growth under laboratory culture conditions. Another possibility would be that the stop codon interrupting these two ORFs is suppressed during the translation or restored to a non-stop codon post-transcriptionally by a mechanism such as the RNA editing. (19) , the first Ser/Thr kinase found among cyanobacteria (Fig. 1) . The protein kinase catalytic domains of these proteins are always located at the N-terminal, as is the case for all known eukaryotic-type protein kinases isolated so far from the filamentous cyanobacterium Anabaena sp. PCC 7120 in our laboratory (5, 19, 20, 26) . Protein sequence analysis suggests that they are more likely to be Ser/Thr kinases than Tyr kinases (11) . In addition, four out of the seven protein kinases have one (slr0599, sll0776 and slr1443) or several (slr1225) putative transmembrane segments at their C-terminal regions. Those protein kinases with one C-terminal transmembrane segment could be localized on the membrane, as in the case of the vertebrate protein kinase Myt1, in which the C-terminal hydrophobic region serves as an internal signal sequence (21) . Other protein kinases with several putative transmembrane segments could act as membrane receptors in signal transduction.
Regions other than the catalytic domain of Ser/Thr and Tyr kinases often play regulatory functions in regard to their catalytic domain. Some of the regulatory domains of Ser/Thr kinases, for example, exert an inhibitory effect that is crucial for the maintenance of a protein kinase in an inactive form in the absence of signals, while others are required for the proper cellular localization of a given protein kinase (22, 32) . To gain a better understanding of the function of these enzymes in Synechocystis sp. PCC 6803, the C-terminal regions following their catalytic domains were compared against protein sequences in various databanks. The C-terminal region of slr1697 shows significant sequence similarity to regions of several proteins such as the C-terminal region of HglK from the heterocyst-forming and nitrogen-fixing cyanobacterium Anabaena sp. PCC 7120 (23) . This conserved domain is characterized by repeats of a short motif of five residues (A D/N L S/T X), as pointed out in the HglK sequence by Bauer et al. (23) . A particular feature of this domain is the highly conserved leucine residue found by every five residues (Fig. 2) . For this reason, this conserved domain is termed as a leucine-repeat (LR) domain. The length of this domain is variable, depending on the number of pentapeptidic repeats present (Fig. 2) . The only characterized proteins containing a LR domain are HglK and McbG. The former is believed to be involved in the localization of heterocyst-specific glycolipids in Anabaena sp. PCC 7120 (23) and the latter required for the export of a peptide antibiotic, microcin B17 (24) . While a dozen proteins from Synechocystis sp. PCC 6803 possess a LR domain, no or few such proteins have been found in other organisms. As already suggested by Bauer et al. (23) , the LR domain may interact with glycolipids in Anabaena sp. PCC 7120. Other possible roles of this domain would include the localization of the protein kinase slr1697 to its proper cellular compartment (22) or the transport of molecules from their sites of synthesis to the thylakoids in cyanobacteria. The latter possibility would explain the scarcity of such proteins in other non-photosynthetic prokaryotes whose genomes have also been sequenced.
The 235 residue long C-terminal region of slr0599 contains 27.2% of proline residues. Proline-rich sequences have diverse binding functions (25) . This region indeed shows sequence similarity with fibronectin-binding proteins (A32192, U53585) from Staphylococcus aureus and Mycobacterium avium, an actin-associated protein from Schizosaccharomyces pombe (Z98980), and a SH3-domain binding protein (U25281) from Rattus norvegicus. The majority of the identical residues in these aligned sequences are proline residues (data not shown).
Ser/Thr and Tyr phosphatases; a new class of membrane sensors?
The ORF sll1387 encodes a protein of 255 amino acid residues showing significant sequence similarity to the catalytic domains of PPP-family Ser/Thr phosphatases from eukaryotes (Fig. 3) . It is also similar to the catalytic domain of a putative protein phosphatase from Anabaena sp. PCC 7120 characterized in our laboratory (26) . Another ORF, slr0328, has been previously described as a gene encoding a homolog of low-molecular weight Tyr phosphatases (3, see also Fig. 4) . A polypeptide similar to slr0328, encoded by a partially-sequenced ORF adjacent to genes encoding phycobiliproteins from another cyanobacterium Synechococcus sp. WH8020, was also reported (27) .
Five ORFs, sll1365, slr0114, slr1860 (icfG), slr1983 and slr2031, encode proteins similar to PPM-family Ser/Thr phosphatases (13) . They all possess a conserved catalytic domain at their C-terminal end (Fig. 5) , with signatures shown to be critical for the activity of PPM-type protein phosphatases (28) . Among these genes, only icfG was previously investigated (29) and will be analyzed further along with its surrounding sequences below. The other four ORFs were labeled as hypothetical in the CyanoBase databank (3) .
The N-terminal regions of these ORFs, preceding their protein-phosphatase catalytic domain, were also analyzed. The N-terminal region of slr1983 shows strong sequence similarity to response regulators of bacterial two-component signaling systems. Response regulators are the second member of bacterial twocomponent signal transduction systems (1, 2) . A response regulator domain can form either a single polypeptide, or a part of a multi-domain protein such as in the case of the hybrid His kinases which possess in addition a His kinase domain (1,2). Because of its particular structural features, slr1983 represents a new class of regulatory proteins which can be termed as hybrid protein phosphatases equivalent to hybrid His kinases. Interestingly, an ORF (slr1982) upstream of slr1983 encodes a His kinase protein.
The possibility that slr1982 and slr1983 working together as a two-component system has been previously postulated by Mizuno et al. (4) . It would be interesting to know the role of the protein phosphatase domain of slr1983 in signal transduction within this putative two-component system.
The N-terminal regions of both sll1365 and slr0114 possess two putative transmembrane domains. In addition, a region of 64 amino acids of sll1365 shows 23% sequence identity (49% sequence similarity) with the serine chemoreceptor protein of E.coli (30) . sll1365 and slr0114 could function as membrane receptors (sensors). Typically, a sensor domain is found at the N-terminal part of a sensory His kinase in bacterial two-component systems (1, 2) . sll1365 and slr0114, if confirmed, would thus represent a new class of membrane sensors with an original molecular architecture containing a sensory domain linked to a protein phosphatase domain instead of a protein kinase domain. This situation can be compared to that encountered in many eukaryotic receptors which contain either a protein kinase domain or a protein phosphatase domain, although the early examples were all receptor protein-tyrosine kinases (9, 10) .
The N-terminal region of slr2031 contains a GAF domain believed to play a role in light and redox sensing (31) .
Accessory signaling molecules
The proper functioning of Ser/Thr and Tyr kinases and phosphatases requires different classes of regulatory proteins acting as scaffolds or adaptors for signaling complex formation and enzyme localization, or as effectors of protein kinases or phosphatases (25, 41, 42) . Several WD40-repeat containing proteins (18) have already been previously pointed out (3). In addition, two other polypeptides (slr0593, slr1234) in Synechocystis sp. PCC 6803 may also be regulatory signaling molecules (Table 1) . slr0593 is a protein of 434 residues which contains a segment similar to the regulatory subunit of the cAMP-dependent protein kinase (protein kinase A). The same conserved domain is also found in a protein of unknown function, U21853, present in another cyanobacterium Anabaena sp. PCC 7120. In eukaryotes, the regulatory subunit inhibits the catalytic subunit of protein kinase A in the absence of a signal, and the catalytic subunit is subsequently released and activated once cAMP is bound to the regulatory subunit (32) .
slr1234 is similar to the protein kinase C interacting protein 1 from mammals (33) . A similar ORF, ORF1, has also been found in the cyanobacterium Synechococcus sp. strain PCC 7942 in which it is co-transcribed with psbAII encoding form II of the D1 protein in the photosystem II reaction center (34) . The expression level of ORF1-psbAII increases after exposure to high light intensity and an ORF1-disrupted mutant displays slower growth rate than the wild type (34) . The protein kinase C interacting protein 1, also called protein kinase C inhibitor, is a zinc-binding protein belonging to the histidine triad (HIT) protein family (33) . The zinc-binding motif, His-X-His-X-His, is conserved in slr1234 and ORF1 of Synechococcus sp. strain PCC 7942. The role of the protein kinase C interacting protein 1 in regulating protein kinase C activity remains unclear. Recent evidence from structural analysis suggests that these proteins act as nucleotidyl hydrolases, transferases, or both (35) . In this case, it seems unlikely that they act as protein kinase C regulators.
Because the conserved signatures of accessory signaling proteins are often short and poorly characterized (36) , the number of such molecules in Synechocystis sp. PCC 6803 is probably very much underestimated in this study.
Genetic organization
In order to gain a better insight into the function of eukaryotictype signaling molecules in Synechocystis sp. PCC 6803, the genetic organization of a few gene clusters of major interest is also analyzed. Genes included within a cluster are those in close proximity to, and transcribed in the same direction as, a gene encoding either a protein kinase, a protein phosphatase, or a regulatory protein of these enzymes.
One cluster with potentially important regulatory function is that containing the protein phosphatase gene icfG (slr1860). This cluster contains 10 genes (slr1852-slr1862) packed in a region of ∼9.5 kb. icfG was shown to be inducible by glucose and required for cell growth under conditions of low concentration of inorganic carbon in the presence of glucose (29) . One ORF in this cluster, slr1857, encodes a protein highly similar to the glycogendebranching enzyme, the second enzyme required for glycogen catabolism (37) . One possible function of this gene cluster would thus be the degradation of glycogen, in accordance with the presence of slr1857 and the results of genetic analysis of icfG (29) . Another interesting aspect of the icfG cluster is the presence of several genes similar to those in the rsb gene cluster in Bacillus subtilis (38) . The rsb gene cluster in B.subtilis contains two serine kinase genes (rsbT and rsbW), two protein phosphatase genes (rsbU and rsbX) and two genes (rsbS and rsbV) encoding substrates of serine kinases and phosphatases. The interaction among these molecules, through a partner-switching mechanism, is required for cell response to environmental stress (38) . IcfG shares sequence similarity with RsbU and RsbX, slr1861 is similar to RsbT and RsbW, and slr1856 and slr1859 are similar to RsbS and RsbV. The genetic organization of the icfG cluster is thus reminiscent of the rsb gene cluster in B.subtilis, and a similar mechanism could be postulated for the regulation of glycogen catabolism by the icfG cluster in Synechocystis sp. PCC 6803.
The gene cluster (slr0144 to slr0152) containing the Ser/Thr kinase gene slr0152 encodes several proteins of functional importance in cyanobacteria. slr0148 and slr0151 encode proteins similar to ferredoxin II (fdxB) and I (petF1), respectively. slr0149 is similar to the allophycocyanin alpha chain from the same strain (slr2067, ApcA) as well as that from other cyanobacteria. slr0149 and slr2067 are similar in size, but are only distantly related, with 20% identity and 41% similarity.
Another interesting gene cluster is the one involving the Ser/Thr kinase gene sll0776. This cluster contains 8 ORFs (sll0775-sll0782) in a region of ∼10 kb. The polypeptides encoded by this gene cluster include an ABC transporter subunit (sll0778), a hybrid histidine kinase (sll0779), and a transcription factor with a helix-turn-helix DNA binding motif (sll0782).
The protein Ser/Thr kinase gene slr1225 is separated by ∼13 kb from slr1234 encoding a homolog of the protein kinase C interacting protein 1. Thirty five kb further downstream of slr1234 is another Ser/Thr kinase gene slr1443. The close linkage between slr1982 and slr1983 has already been discussed above. About 13 kb downstream of slr1983 is sll1387 which encodes another protein phosphatase (see above).
Clustering of genes encoding Ser/Thr kinases or Ser/Thr phosphatases with those encoding two-component systems
Although eukaryotic-type protein kinases and phosphatases are found in several prokaryotes, in most cases it is still unclear how these molecules are involved in bacterial signal transduction. One possibility is that they participate in signal transduction through a cascade of Ser/Thr and Tyr phosphorylation/dephosphorylation, in a way similar to that which takes place in eukaryotes (9, 10) . The missing links in this possibility are protein Tyr kinase receptors and G-protein coupled receptors for signal transmission across the membrane. Several protein kinases and phosphatases analyzed here possess transmembrane segments, and thus may fulfil the task of membrane receptors, although how they transmit signals downstream remains unknown.
Another possibility would be the coupling of some Ser/Thr kinases and phosphatases to two-component systems, with sensors of two-component systems acting as membrane receptors. This is the case for ethylene response in the plant Arabidopsis thaliana (39) and for high osmolarity adaptation in the yeast S.cerevisiae (40) . In both cases, a two-component system acts upstream of a cascade of Ser/Thr kinases in the same signal transduction pathway. It is thus very interesting to notice that several genes encoding Ser/Thr kinases or phosphatases in Synechocystis sp. PCC 6803 are found in the same cluster as those encoding members of two-component systems; or as in the case of slr1983, the same protein contains both a response regulator domain and a protein Ser/Thr phosphatase domain. The slr0114 cluster, for example, contains slr0114 encoding a protein Ser/Thr phosphatase and slr0115 encoding a DNA-binding response regulator. Similarly, the Ser/Thr kinase gene slr1697 is followed immediately by sll0921 which encodes a response regulator, although these two genes are transcribed in opposite directions. The sll0776 cluster is also in the same situation, since it contains one Ser/Thr kinase gene (sll0776) and one hybrid His kinase gene (sll0779).
In prokaryotes, genes involved in the same cellular process are frequently clustered or form an operon. It could thus be expected that at least some Ser/Thr kinases or phosphatases may interact with two-component regulatory proteins encoded by the same gene cluster. The elucidation of such molecular interaction will provide a new mechanism of signal transduction in bacteria. It will also advance our understanding of signal transduction in eukaryotes as well since more and more two-component systems are also being discovered in various eukaryotic organisms (2) . Even in A.thaliana and S.cerevisiae in which the coupling between a two-component system and Ser/Thr kinases has already been suggested (2, 39, 40) , how this coupling is accomplished at the molecular level still remains unclear.
DISCUSSION
The discovery of eukaryotic-type protein kinases or phosphatases in many bacterial strains raises one fundamental question about the origin of these enzymes in evolution. Genes encoding such enzymes are either genuine prokaryotic ones, or they were recruited during evolution from eukaryotic organisms through horizontal gene transfer. The second possibility could account for the origin of at least one bacterial Ser/Thr kinase (5), namely the protein kinase YpkA from Yersinia pseudotuberculosis (43) . However, most of those Ser/Thr kinases found so far in the two cyanobacterial strains Anabaena sp. PCC 7120 and Synechocystis sp. PCC 6803 are likely to be true prokaryotic enzymes. Genes encoding Ser/Thr kinases or phosphatases in Synechocystis sp. PCC 6803 are, in most cases, scattered over the entire chromosome, which is difficult to ascribe to one or a few horizontal gene transfer events. In addition, most of the protein kinases are more related to those from Anabaena sp. PCC 7120 or from other bacteria such as Myxococcus xanthus and Mycobacteria leprae, than those from eukaryotic organisms (data not shown, see also 44). These observations suggest that there is a bacterial lineage of evolution for most of the Ser/Thr kinases found in bacteria so far. These arguments, together, are in favor of the possibility that Ser/Thr kinases or phosphatases existed before the divergence of eukaryotes and prokaryotes in evolution. However, since the origin and evolution of the different kingdoms of living organisms are still in much heated debate (45) , such conclusions should be treated with caution at the moment.
Given that eukaryotic-type signaling proteins are only recently found in some bacterial species (5,6), it will be of considerable interest to study their function in Synechocystis sp. strain PCC 6803 by taking the advantage of the availability of the whole genome sequence information. In addition, Synechocystis sp. strain PCC 6803 represents a unique genetic model for the study of photosynthesis among all organisms whose genomes have been sequenced so far, as this strain is easy to manipulate genetically and its photosynthetic systems are very similar to those of higher plants.
